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Abstract. It is well known since the Apollo missions that the lunar surface is covered with a thick layer of micron size dust
grains with unusually high adhesive characteristics. The dust grains observed to be levitated and transported on the lunar surface
are believed to have a hazardous impact on the robotic and human missions to the Moon. The observed dust phenomena are
attributed to the lunar dust being charged positively during the day by UV photoelectric emissions, and negatively during the
night by the solar wind electrons. The current dust charging and the levitation models, however, do not fully explain the observed
phenomena, with the uncertainty of dust charging processes and the equilibrium potentials ofthe individual dust grains. It is well
recognized that the charging properties of individual dust grains are substantially different from those determined from
measurements made on bulk materials that are currently available. An experimental facility has been developed in the Dusty
Plasma Laboratory at MSFC for investigating the charging and optical properties of individual micron/sub-micron size positively
or negatively charged dust grains by levitating them in an etectrodynamic balance in simulated space environments. In this
paper, we present the laboratory measurements on charging of Apollo 17 individual lunar dust grains by a low energy electron
beam. The charging rates and the equilibrium potentials produced by direct electron impact and by secondary electron emission

process are discussed.
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_TRODUCTION

The lunar surface, covered with a thick layer of fine micron!submicron dust grains, has formed by meteoritic
impacts over a period of billions of years. Theoretical considerations and observational evidence acquired from the
Apollo as well as subsequent lunar missions indicates the lunar surface and dust grains are electrostatically charged
by the incident solar UV radiation and the solar wind plasma (e.g., Horanyi, et al., 1998; Stubbs, et al., Vondrak, et
al., 2005). On the lunar dayside of the moon, the dust is believed to be chm:ged positively by the photoelectric
emissions with the incident solar UV radiation, and predominantly negatively by the incident solar wind electrons on
the nightside There is considerable evidence to indicate that the charged free lunar dust grains, smaller than a few
microns m size, are levitated and transported to high altitudes and transported over long distances over the lunar
terminator (e.g., McCoy et al., 1974; Rennilson et al., 1974; Pelizzari et al, 1978; Zook, 1991). The lunar dust with
-its toxic nature and high adhesive characteristics constitutes a major source of hazard for humans and the mechanical
systems in the robotic and human exploration of the moon.

Although the basic principles and the underlying sources of the observed lunar dust phenomena are recognized,
the extent and the details of the lunar dust charging, levitation, and transportation process remain poorly understood.
The current theoretical models do not satisfactorily explain the observed lunar dust phenomena. A more defmitive
knowledge of the lunar dust phenomena with acquisition of the basic data is needed for engineering solutions and
development of mitigating strategies. Whereas there is an urgent need for measurements of lunar dust density and
size distribution on the near surface and high altitude environments, it is also necessary to acquire knowledge of the
basic charging properties of lunar dust for evaluation of the dust grain charges and equilibrium potentials for
development of dust mitigating strategies. Experimental results on the charging of individual lunar dust grains by
photoelectric emissions have been presented in previous publications (Abbas et al., 2002, 2006, 2007). In this paper,
we present some preliminary results on charging of lunar dust grains by low energy electrons to investigate the
charging of lunar dust by the solar wind electrons on the lunar. The results presented are based only on the
measured data, with the more detailed analysis to be discussed in subsequent publication with the availability of
additional supporting data.



EXPERIMENTAL APPARATUS AND TECHNIQUE

The measurement technique employed here is based on an experimental setup employing an electrodynamic
balance (EDB) that permits levitation of submicronlmicron size individual dust grains in simulated space
environments. This technique has been used for measurements of charging of micron size dust grains by .
photoelectric emissions (Abbas et al., 2006, 2007), and by electron beams with energies in the keV range (e.g.,
Svestika, et al., 1993; Cermak, et al., 1995; Zilavy, et al., 1998). Individual dust grains, positively or negatively
charged, are inserted in a trap placed in a small chamber where they are levitated in potential well formed by
hemispherical top and bottom electrodes kept at DC potentials, and a ring electrode at an AC potential (Fig. 1).

Fig. 1. A schematic of
the experimental setup
based on an
electrodynamic
balance with an
electron gun mounted
at the top.
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The experimental apparatus consists of the following: (1) The electrodynamic balance. (2) Computer controlled
DC and AC power supplies (3) Optical equipment for imaging a levitated particle on a monitor. (4) An electron gun
mounted at the top of the chamber with a power supply and controller for a selecting a mono-energetic Gaussian
electron beam at desired energy levels. (5) A Faraday cup below the trap with an electrometer to measure the
electron current. (6) Vacuum pumps to evacuate the system to pressures of~ 10-5_10-6 torr.

Positively or negatively charged particles are stably trapped in the EDB and the system is evacuated to
pressures of - 1-5 torr. The particle effective diameter is determined by using the marginal stability condition
referred to as the "spring point method" (e.g., Davis, 1985; Spann et al., 2001; Abbas et a1., 2002). The system is
then evacuated to pressures of - 10.5-10-6 torr, and the levitated particle exposed to an electron beam at selected
energy levels in the 25 - 100 eV range. As the particle discharges or charges with the impact of electrons, the
particle position deviates from the trap center, requiring an adjustment in the DC voltage and providing a direct
measurement of the particle charge in accordance with,

gz m 1
q(t) = ~o VDC(t) ' (1)

where q(t) and VDC(t) represent the particle charge and the corresponding DC electrode voltage as a function of time,
m is the particle mass, g is the gravitational acceleration, Co is a geometric constant of the trap experimentally
determined to be 0.68, and Zo =0.765 cm is the DC electrode distance to the trap center. With measurements of VDC,
the effective particle diameter D, the mass m is calculated from the predetermined lunar dust grain density p =1.8
gcm-3

, the particle charge q(t) is thus determined directly from equation (1) as a function of time.

Detailed descriptions of the experimental apparatus and the mathematical equations for evaluation of the
measured quantities on an EDB have been given in previous publications (e.g., Davis, 1985; Spann et al. 2001;
Abbas et al. 2003, 2005, 2006, 2007;).



MEASUREMENTS ON APOLLO 17 LUNAR DUST GAINS

The measurements of charging of Apollo 17 lunar dust grains presented in this paper were made on particles of
0.2-8 gm diameters by exposing them to mono-energetic electron beams at energies of- 25 - 100 eV. As the

particle charges or discharges by interaction with the incident electrons, the change in particle charge is determined
as a function of time in accordance with equation (1). Some theoretical models for charging of individual small
spherical models have been developed (e.g., Chow et al., 1994). In the following, we present the measurements
based on charging/discharging of some selected particles focusing on the basic nature of the charging processes as a
fimction the particle size, the electron energy, and the incident electron beam current. More detailed analytical
results based on the experimental data presented in this paper will be discussed in subsequent publications.
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Fig. 2a. A 0.38 gm positively charged Apollo 17 dust particle exposed to a ! 00 eV electron beam, discharges from an
initial charge and potential of: a _ 430e. and & _ 3.3 V3 to a low eauilibrium values: o _ 14e. _o_ O.1 V.
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Fig. 2b. Re-charging of the particle in Fig. a, from an initial q _ 80e to an equilibrium value of_ 1700e (_ _7
V), by exDosin_ it to a 25 ev electron beam.

Figures 2a-b represent the measurements of the charge q(t) (in units of elementary electron charge e) on a

positively charged 0.38 grn Apollo 17 dust grain exposed to an electron beam with (a) Discharging with a 100 eV
beam from an charge of_ 430e to an equilibrium charge of- 10e, corresponding the particle surface potentials _



3.2to0.1 V, attained over a time period of N I000 sec. Also shown is the electron beam current Ie (in pico-
Amperes = 10 -12 A) measured by an electrometer with a Faraday Cup placed below the trap. The equilibrium
potential represents the stage when the primary beam electrons sticking to the dust grain are equal to the induced
secondary electrons_ejected by the grain, with no net change in the charge. Figure 2b shows the measurements on the
same particle with an initial charge of- 80e exposed to a 25 eV electron beam. With an increase in the electron
beam current, the particle is now observed to charge positively by induced secondary electron emissions to a final
equilibrium charge of-1700e (_s -13 V)

The discharging/charging processes of a 1.9 gm positively charged Apollo 17 dust grain exposed to a 25 eV
electron beam are shown in Figs. 3a-c. Figure 3a shows discharging of the grain at relatively low electron curTents
to a near equilibrium potential of N 1 V. Figure 3b represents a short discharging process of the same particle to an
equilibrium level, followed by several phases of charging and equilibrium levels, with the last equilibrium potential
at - 1.8 V. Each higher equilibrium level is reached with an increase in the secondary electron emissions induced
by a higher level of the electron beam current as indicated by the I5plot on the figure. Figure 3c indicates similar
processes of discharging/charging from an initial charge of N 725e to an equilibrium level of- 950e.
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Fig. 3a. A 1.9 Ixmpositively charged Apollo 17 dust particle discharged by exposing it to a 25 eV electron beam.
The oarticle reaches an eouilibrium ootential a_o_ 1V. and does not discharge any further.

2.2 -

2_0

>
1.8 -

1.6 -

__ 1.4

1.o-

0.8

1400 2

_. 1200
(M

lOOO
c)

800

0_

600

4O0
0

qe •
-- / i i i I i i t [ I i i r t [ t i t f I i _ , _ I t 1-

100 200 300 400 500

Time (sec)

............. " , 10

Apollo 1 7. # 739
D = 1.9 rim -- 8
Positively Charged

E = 25 eV 6

4

2

A

(.)

E
o
,i.-*
(j,

iii

Fig. 3b. Charging of the particle in Fig. 3a, in a series of equilibrium values, of charge, by successively increasing the
electron current.
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Fig. 3c. Charging of a o.19 gm positively charged Apollo 17 dust particle exposed to a 25 eV electron beam. The particle
reaches an eauilibrium potential at o - 960e. & -1.43 V.
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Fig. 4a. Discharging of a 8.62 gm positively charged Apollo 17 dust particle exposed to a t 00 eV electron beam. The
particle reaches a low equilibrium potential with q _ 120,000e, 0, _ 40V

Figures 4a-b indicate the discharging/charging of a 8.62 gm Apollo 17 positively charged lunar dust gain.

Figure 4a shows the discharge from an initial charge ofq M20,000e (_, - 40 V) to a near equilibrium charge ofq
_25,000e (0, -7 V) under exposure to a beam of 100 eV electron with a relatively low current of _ 0.15 pA. In Fig.
z_b,the same particle is exposed to a beam of 25 eV, and is observed to discharge at low currents of_ 0.1 pA, and
positively to a higher values and potentials at much higher beam currents (- 20 45 pA) with the secondary electron
emissions dominating the primary electrons sticking to the grain.
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Fig. 4b. Same as in Fig. 4a, with the particle now exposed to a beam of 25 eV, and is observed to discharge at low
currents of- 0. t pA, and positively to a higher values and potentials at much higher beam currents (- 20 - 45 pA).

In the following, we present the measurements made on two negatively charged Apollo 17 dust grains exposed
m electron beams at energies of 100 eV and 25 eV. Figure 5a represents the discharging of an Apollo 17 negatively
chm-ged dust grain of 0.29 gm s_ze when exposed to a 25 eV electron beam. The pm_cle discharges _om an initial

charge of _ 200e (_ _ 2.0 V) to an equilibrium value of_ 22e (O, _ 0.2 V), representing the secondary electron
emissions being balanced by the electron sticking process.
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Fig. 5. _ 0.29 gm negatively charged Apollo 17 dust particle exposed to a 25 eV electron beam, discharges
from the initial charge of 200e to equilibrium values of q _ 22e, €__ 0.2 V.



Figure 6a shows the discharging of a 0.35 gm negatively charged dust grain exposed to a 25 eV electron beam,
when the beam current is raised to a sufficiently high value of- 0.15 pA, and reaching an equilibrium value of 35 e

(_ - 0.3 V). As shown in Fig. 6b, when the electron current is steadily raised to a higher value, the negatively
charged particle increase in charge to an equilibrium value of N 45e, representing an increase in the primary
electrons sticking to the grains and balanced by the electron secondary electron emission from the particle.
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Fig. 6b. Same as in Fig.6a, with the beam electron current steadily raised to higher values. The particle charges to
higher potentials, and then discharges to an equilibrium values of about the same as the initial q _ 35e, _ _ 0.3 V.



SUMMARY AND CONCLUSIONS

Measurements of charging of individual micron size Apollo 17 dust grains levitated in an electrodynamic
balance were made by exposmg them to electron beams of 25-100 eV. Both positively and negatively charged
particles in the 0.3 to 8.8 .am size range were employed for measurements of the charging and discharging
processes. The following conclusions may be drawn from the preliminary measurement presented here.

1. Positively charged particles larger thana few micron in size, discharge at a rapid rate when exposed to 25 -
100 eV electron beams, reaching equilibrium potentials indicating a balance between the sticking electrons and the

secondary electron emissions.

2. Submicron size positively charged particles at low surface potentials generally charge more positively to

higher charges when exposed to 25 eV electron beams, indicating the secondary electron emission process

dominating the primary electron sticking.

31 Equilibrium charges and surface potentials of dust grains are a function of the particle size, the incident
electron density, with the equilibrium potentials depending on the beam current.

4. Negatively charged particles exposed to 25-100 eV electron beams generally discharge to equilibrium
potentials, indicating a balance between the secondary electron emission and the primary electron sticking at lower
particle potentials.

5. More detailed analysis of the measured data with additional measurements will be discussed in subsequent
publications.
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